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The Structure of the Transition State
for Folding of Domain-Swapped Dimeric p13suc1
able to account well for the effects of topology and
energetics that are observed in many different proteins.
Domain swapping refers to the process by which one
Frederic Rousseau,2 Joost W.H. Schymkowitz,2
Hannah R. Wilkinson, and Laura S. Itzhaki1
MRC Centre for Protein Engineering
University Chemical Laboratory protein molecule exchanges a domain with an identical
partner [5]. The protein studied here, suc1, forms aLensfield Road
Cambridge CB2 1EW monomer [6] and an intertwined domain-swapped dimer
where the central  strand of one molecule originatesUnited Kingdom
from the other molecule in the dimer pair (Figure 1A) [7,
8]. The two structures are highly superimposable. No
new molecular interfaces are formed in the domain-
Summary swapped dimer, and differences are located exclusively
in the so-called “hinge loop” connecting the exchanging
suc1 has two native states, a monomer and a domain-  strand, 4, with the rest of the protein. The interactions
swapped dimer, in which one molecule exchanges a of 4 with the rest of the protein in the domain-swapped
 strand with an identical partner. Thus, monomer and dimer are equivalent to those present in the monomer,
dimer have the same structures but are topologically but these interactions are intramolecular in the monomer
distinct. Importantly, residues that exchange are part and intermolecular in the dimer (Figure 1B). Thus, do-
of the folding nucleus of the monomer and therefore main swapping introduces quaternary structure in the
forming these interactions in the dimer would be ex- protein. Importantly, this additional topological com-
pected to incur a large entropic cost. Here we present plexity is located in a part of the structure that has been
the transition state for folding/unfolding of domain- shown to constitute the folding nucleus of the monomer,
swapped dimeric suc1 and compare it with its mono- described in more detail below [9]. (The “contact order”
meric counterpart. The same overall structure is ob- cannot be calculated for the dimer for comparison with
served in the two transition states but theφ values are the monomer, since the sequence separation between
consistently higher for the domain-swapped dimer. two residues from different molecules cannot be quan-
Thus, a greater entropic penalty for bringing together tified.)
the key interactions in the dimer is overcome by mobi- Earlier work revealed that monomer and domain-
lizing more contacts in the transition state, thereby swapped dimer of suc1 interconvert via highly dena-
achieving a greater enthalpic gain. tured states [10]. In fact, the denatured polypeptide
chain can fold into each of these two structures along
separate pathways (Figure 1C). Moreover, the amounts
Introduction of monomer and dimer that are produced by the folding
reaction are determined by kinetic partitioning into rap-
The most important advances in our understanding of idly formed monomeric and dimeric intermediate spe-
protein folding in the last few years have come from cies (F.R., J.W.H.S., H.R.W., and L.S.I., unpublished re-
the residue-specific information provided by phi value sults). The structure of the major intermediate and the
analysis [1, 2] and from studies relating folding rates to rate-limiting transition state for folding of the suc1
topology [3]. The former effect, namely the contribution monomer have been studied previously using the pro-
of stabilizing interactions to the folding nucleus, can be tein engineering method [9]. An independent molecular
unified with the latter effect, the entropic cost of closing dynamics simulation of the unfolding of monomeric suc1
loops connecting interacting residues, in the “nucle- was also carried out [11]. Both studies showed that suc1
ation-condensation” model of folding [4]. Contact order folds according to a nucleation-condensation mecha-
work showed that proteins that consist predominantly nism around an extended nucleus [12]. The folding nu-
of interactions between residues that are close in se- cleus is formed by interactions between the strand 4
quence fold faster than those with longer sequence sep- that exchanges in the dimer and the rest of the protein.
aration between the interacting residues. The reason for Here, we extend the protein engineering approach to
this is that there is a smaller entropic cost of closing a determine the structure of the transition state for the
shorter loop. According to the nucleation-condensation folding/unfolding of the domain-swapped dimeric form
model, the transition state can be viewed as a somewhat of suc1. Comparison of the structures of monomeric
expanded form of the native state, possessing mainly and dimeric transition states reveals how the protein
native-like interactions. Consequently, mutations that accommodates the added topological complexity that
destabilize the native state may also slow down folding, is presented by the domain swapping, and the results
even though the contact order is the same in the mutant provide new insights into mechanisms of folding and
as in the wild-type. Although there is no single mecha- aggregation and the potential relationship between
nism of protein folding, the expanded transition state is these two processes.
1Correspondence: lsi@mrc-lmb.cam.ac.uk
2 Present address: European Molecular Biology Laboratory, Meyer- Key words: dimer; domain swapping; protein folding; protein engi-
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Figure 1. Domain Swapping in suc1
(A) Molscript [24] representation of the structures of monomeric and domain-swapped dimeric forms of suc1.
(B) The topology of suc1.
(C) Model of domain swapping in suc1, showing that the two forms interconvert via a highly denatured state.
Results extended to allow the strand to exchange in the dimer.
This “hinge-opening” mechanism is shared by other
members of the cks (cyclin-dependent kinase subunit)The Structures of suc1 Monomer and Dimer
and the Design of Mutations family to which suc1 belongs. The amino acid sequence,
HxPEPH, of the hinge loop is also conserved, with onlysuc1 is a 113 residue protein with an / fold, consisting
of a four-stranded  sheet capped at one end by three one variable residue. A close inspection of the crystal
structures of monomeric and dimeric suc1 shows thatshort  helices (Figure 1A). Insertion of  strand 4, which
is a central one in the sheet, into another molecule re- they are identical within the resolution of the struc-
tures [13].sults in a highly intertwined dimer (Figures 1A and 1B).
The hinge loop (residues 88–93) that mediates the strand In order to probe the structure of the rate-limiting
transition state of folding using the protein engineeringexchange is located between  strands 3 and 4. The
sequence adopts a  turn conformation, allowing the method, mutations are designed that delete a small
number of specific interactions that contribute to thechain to fold back on itself in the monomer while it is
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stability of the protein. Comparison of the energetics of native state and the transition state. The values obtained
for monomer and dimer are similar (Table 1).mutant and wild-type allows the formation of the deleted
interactions during the folding reaction to be probed.
The mutations were all designed in the earlier study
Unfolding Kinetics of Mutant Dimersof the folding pathway of suc1 monomer and they are
The kinetic data for unfolding of the mutants was ob-described in detail there [9]. Briefly, mutations can be
tained in the same way as the wild-type. The values ofdivided into the following categories: (1) hydrophobic
mu of the mutants are similar to that of the wild-type,core residues where interactions are made between the
indicating that no gross change in the structure of the helices or loops and the  sheets, (2) residues where
transition state occurs upon mutation (Figure 3B andinteractions are made between strands in the  sheet,
Table 1).and (3) residues where interactions are made within the
hinge loop. Only those mutations for which the change
in the free energy of unfolding upon mutation was Refolding Kinetics
greater than 0.6 kcal mol1 were used to perform a φ The refolding kinetics of suc1 are multiphasic and the
value analysis, since a small change in free energy of reaction produces both monomeric and dimeric forms
unfolding results in a large error in the φ value. (as shown by analytical gel filtration analysis of the prod-
uct of the refolding reaction). Monomer and dimer have
identical spectral properties and therefore it is difficult
Free Energy of Unfolding of the Domain-Swapped to dissect the two folding processes from the stopped
Dimer and the Effect of Mutation flow fluorescence traces. Moreover, only a small fraction
The free energy of unfolding of the monomer cannot be of protein folds to the dimer form at the protein concen-
compared directly with the free energy of unfolding of trations that are suitable for stopped flow measure-
the dimer, since the molecularity is different for the two ments, and the analysis is further complicated by the
equilibria. However, the change in the free energy of presence of a folding intermediate. For these reasons
unfolding upon mutation is independent of protein con- it is difficult to carry out a quantitative analysis, such as
centration and thus, protein engineering allows the con- φ value measurement, using refolding data. However,
tribution of specific interactions to the stability of mono- measurements on the wild-type do provide some impor-
mer and dimer to be compared directly. The free energy tant information. We find, at a denaturant concentration
of unfolding of the domain-swapped dimer cannot be (1.5 M) in the two-state folding regime where the reaction
measured directly using the standard fluorescence- rates provide information about the energy of rate-
monitored urea denaturation method (see Experimental determining transition state relative to the denatured
Procedures), and instead it is derived from the free en- state, that the fraction of dimer formed in the refolding
ergy of unfolding of the monomer and the free energy reaction increases with increasing protein concentration
of dissociation (for a complete analysis, see [10]). The (Figure 4). This indicates that the rate-determining tran-
values of dissociation constant, KD, of the wild-type and sition state for folding of the dimer is oligomeric.
mutant dimers, and the change in the free energy of
unfolding of the dimer upon mutation, Gdimer, as deter-
Description of the φ Valuesmined previously [13], are listed in Table 1.
A number of factors, discussed above, preclude moni-The stability of the dimeric form of the mutant 8789
toring the transition state for the formation of domain-could be measured directly by urea-induced unfolding
swapped suc1 in the refolding direction. Instead, wemonitored by fluorescence (Figure 2). In this variant, 3
have used the protein engineering approach to dissectresidues were removed from the hinge in order to make
the structure of the rate-determining transition state forit more strained in the monomeric conformation and
unfolding. Calculation of the φ values is described inthereby stabilize the dimeric form [10]. The protein is
the Experimental Procedures section. The φ values are99% dimeric at the protein concentration of 2M used
listed in Table 1 and are plotted versus sequence infor denaturation measurements (the Kd is approximately
Figure 5. The behavior of the different structural ele-1 nM). The value of meq for 8789 is 5.7 M1, which
ments is described below.is approximately twice that of the wild-type monomer
Hydrophobic Core(2.7 M1), as expected since the dimer exposes roughly
suc1 has an extensive hydrophobic core consisting oftwice as much hydrophobic surface area as the mono-
18 residues that form a concerted network of interac-mer upon unfolding.
tions. No subgroup of core residues interacts more
strongly with one another than with the rest of the core.
The core also folds in a concerted manner. The formationUnfolding Kinetics of Wild-Type Dimer
The plots of the logarithm of the unfolding rate constants of interactions in the transition state of suc1 dimer was
probed at nine of the 18 core sites using the followingof wild-type suc1 monomer and dimer versus urea con-
centration are very similar, and the data overlap within mutants: LA10, LA18, VA41, LA43, LA48, LA63, LA74,
LA95, and FL97. The φ values for these mutants area short urea range (Figure 3A). The rate constant of
unfolding of the dimer in water, kH2Ou , obtained by fitting between 0.6 and 1, with the exception of LA48, which
has a φ value of 0.3 and FL97, which has a φ value ofthe data to Equation 1 (see Experimental Procedures),
is slightly lower than that of monomer (Table 1). The 1.2. Mutation of residues in the hydrophobic core allows
the extent of formation of nonlocal tertiary interactionsslope of the plot gives the kinetic m value mu, which is
a measure of the difference in solvent exposure of the in the transition state to be determined. It is apparent
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Figure 2. Denaturation Curve of the Dimeric suc1 Variant 8789
Measurements were performed in 50 mM Tris (pH 7.5), 1 mM EDTA
at 25	C at a protein concentration of 4 M. Fluorescence emission
intensity at 335 nm is plotted versus urea concentration and the
data were fitted to Equation 9.
from the φ values that these interactions are already
substantially formed in the transition state.
 Sheet
The folding nucleus of monomeric suc1 is built around
strands 2 and 4 of the  sheet. Therefore, in order to
make a detailed comparison of the folding nucleus, the
 sheet was more extensively probed. The integrity of
the  sheet was determined by 11 mutations, namely
RA30 in 1, EA37, YA38, RA39, HA40, VA41, and LA43
in 2, and LA95, FL97, KA98, and RA99 in 4. 3 could
not be probed because none of the mutations had a
sufficiently large effect on the equilibrium stability for an
accurate determination of theφ values. Two mutations,
YA38 in 2 and FL97 in4, haveφ values that are greater
than 1. They both unfold more slowly than the wild-type
(see Figure 2B), indicating that the transition state is
more destabilized than the native state by the mutation;
this suggests that there are nonnative interactions in
the transition state at these positions.
Hinge Loop
Figure 3. Unfolding Kinetics of suc1The hinge loop plays a determining role in the equilib-
(A) Unfolding kinetics of monomer (filled circles) and domain-rium between monomeric and domain-swapped suc1
swapped dimer (open circles) of suc1. Measurements were per-[10]. To determine whether it also plays a role in the
formed in 50 mM Tris (pH 7.5), 1 mM EDTA at 25	C at a proteinkinetic accessibility of the two forms of suc1, the struc-
concentration after mixing of 2 M.
ture of the hinge loop in the transition state was probed (B) Unfolding kinetics of the dimeric form of representative mutants:
by mutations VA89, PA90, PA92, and HA93. PA90 and LA10 (filled squares), RA30 (open squares), YA38 (open upside down
HA93 have highφ values. Theφ value for VA89 is greater triangles), RA39 (filled circles), VA41 (open triangles), LA48 (open
diamonds), VA89 (filled diamonds), PA92 (filled upside down trian-than 1. However, the lnku plot for this mutant is virtually
gles), LA95 (crosses), and FL97 (filled triangles), with the wild-typesuperimposable on that of the wild-type (Figure 2B), and
(open circles) for comparison. The fit of the data to Equation 1 isit is the slightly smaller m value that results in a different
shown.
value of lnku when extrapolated back to zero molar of
denaturant. The φ value for PA92 is also greater than
1. The lnku plot shows that the mutant unfolds faster Discussion
than the wild-type (Figure 2B). The mutation stabilizes
the native state, and the faster unfolding rate indicates The Rate-Determining Transition State
that the transition state is more stabilized than the native for Folding/Unfolding of Domain-Swapped
state by the mutation. Thus, while the φ value for VA89 suc1 Is Dimeric
is 1 within error, theφ value for PA92 is genuinely greater We showed previously that suc1 does not form the di-
than 1, which could indicate that the Pro92 forms nonna- meric state by first folding to the monomer (M); rather,
it can fold into the monomer and the dimer (D) throughtive contacts in the transition state.
Structure
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viously probed byφ value analysis as for transition state
[9]. Interactions constituting the folding nucleus are al-
ready highly formed in the intermediate, indicating that
domain swapping must occur in a state that is less
structured than this compact intermediate [10]. An inter-
mediate is also populated before the rate-limiting transi-
tion state on the folding pathway of the dimer. Analysis
of the protein concentration dependence of the refolding
rates shows that this intermediate is different from the
folding intermediate of monomeric suc1 and that it is
dimeric (F.R., J.W.H.S., H.R.W., and L.S.I., unpublished
results). This leads us to propose the following model:
M ↔ ‡M ↔ {IM ↔ U ↔ ID} ↔ ‡D ↔ D
where M refers to the monomer, D to the dimer, and U
to the denatured state, ‡M and ‡D represent the mono-
meric and dimeric transition states, respectively, and IM
Figure 4. Plot of Percentage of Dimer Formed in the Refolding Reac- and ID represent the monomeric and dimeric intermedi-tion of Wild-Type suc1 as a Function of Protein Concentration
ate states, respectively. Although it seems unlikely that
The refolding conditions were 1.5 M urea in 50 mM Tris (pH 7.5), 1 a dimeric intermediate would convert to a dimeric native
mM EDTA at 25	C.
state through a monomeric transition state, the molecu-
larity of the transition state has to be verified.
Several lines of evidence support a dimeric rate-separate pathways from the denatured state (U), and
determining transition state for folding of the dimer. (1)monomer-dimer interconversion proceeds through a
At a denaturant concentration of 1.5 M where the inter-highly denatured species (Figure 1C) [10], M↔U↔D. This
mediate is depopulated and where the reaction ratesis somewhat as expected, since the exchanging strand
therefore provide information about the energy of rate-4 that mediates the domain swap is part of the hydropho-
determining transition state relative to the denaturedbic core of suc1 which makes it improbable for the
state, the amount of dimer produced by the refoldingexchanging domains to have structure in isolation. In-
reaction increases with increasing protein concentra-deed,  strands 2 and 4 are the key elements of the
tion. This is consistent with a dimeric transition state.nucleus around which the folding of the monomer is
(2) The unfolding kinetics of the dimer do not displayinitiated [9]. Therefore, association must be an event
any protein concentration dependence in the range ofearly in the folding pathway of the dimer.
0.5–50 M, again indicating that there is no change inMonomeric suc1 refolds in a three-state process [14],
molecularity in the rate-determining step for unfoldingU↔I↔M, populating an intermediate (I) before the rate-
of the dimer. (3) On unfolding a dimeric native statelimiting transition state [14]. This intermediate was pre-
through a monomeric transition state, there would be
considerably more exposure of hydrophobic surface
area compared with unfolding of a monomeric native
state through a monomeric transition state. However,
the exposure of hydrophobic surface area during the
unfolding of dimeric suc1 is of similar magnitude to that
during the unfolding of monomeric suc1 (the kinetic m
values for unfolding for both reactions are similar). (4)
The unfolding rates of the mutant dimers are very differ-
ent from those of the corresponding mutant monomers
(Figure 3B and Table 1). Wild-type and mutant dimers
would display identical unfolding kinetics to those for
corresponding monomers if the transition state for un-
folding of the dimer were monomeric. (5) The smooth
urea dependence of the rate constant of unfolding of
the wild-type dimer and the similar urea dependence
observed for the mutants indicates that the rate-
determining step for the unfolding of the dimer does not
alter dramatically upon increasing denaturant concen-
tration or upon mutation.
The Dimeric Transition State Is More CompactFigure 5. Comparison of the φ Values for Transition States of Un-
than Its Monomeric Counterpartfolding of Monomer (Open Circles) and Dimer (Filled Circles) versus
As explained above, the equilibrium m value, meq, couldSequence
not be measured directly for the wild-type and mutantThe secondary structure is shown with arrows representing 
strands and boxes representing  helices. dimers. However, the stability of the dimeric form of
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the mutant 8789 could be measured directly by urea- a domain-swapped protein. No new molecular inter-
faces are formed in the domain-swapped dimer of suc1,induced unfolding monitored by fluorescence. The value
of meq of 5.7 M1 is approximately twice that of the wild- and the two native structures of the protein differ from
one another only in the hinge loop that connects thetype monomer (2.7 M1), as expected since the dimer
exposes roughly twice as much hydrophobic surface exchanging  strand with the rest of the protein. The
interactions of the exchanging strand 4 with the restarea as the monomer upon unfolding. Since the kinetic
m value, mu, is similar for monomer and dimer, the  of the protein in the domain-swapped dimer are also
equivalent to those present in the monomer. However,Tanford value (T; calculated as 1  mu /meq ), is much
larger for the dimer than for the monomer (0.75 com- these interactions are intramolecular in the monomer
and intermolecular in the dimer. Therefore, domainpared with 0.50, respectively). The  Tanford value (T)
is commonly used to determine the position of the transi- swapping introduces additional topological complexity
in the protein. Importantly, since the folding nucleus oftion state along the reaction coordinate, since the m
value is a parameter that is proportional to the change the monomeric form of suc1 involves the exchanging 
strand 4, domain swapping introduces extra complexityin solvent exposure between the two states being mea-
sured [15]. The higher T indicates that the transition in the folding nucleus itself. Thus, the monomeric folding
nucleus is entropically destabilized in the dimeric formstate for unfolding of the dimer is relatively more com-
pact than the transition state for unfolding of the mono- of suc1. Comparison of theφ values and of theTanford
values of the monomer and the domain-swapped dimermer. This conclusion is consistent with the residue-spe-
cific details of the structure obtained from the φ value shows that the protein responds to this entropic penalty
by compacting its transition state and tightening individ-analysis, as summarized below.
ual interactions rather than by finding a new folding
nucleus elsewhere in the structure.Domain-Swapped suc1 Maintains the Same
Folding Nucleus as the Monomer We have shown previously that suc1 forms aggre-
gates which have properties that correlate with thosebut Mobilizes More Residues
It was shown previously for the monomeric form of suc1 of its domain-swapped dimer [10]. Here we show that
suc1 is able to fold into a domain-swapped dimer usingthat the folding nucleus (consisting of those residues
with the highest φ values) is clustered around the inner the same folding nucleus as the monomer. Our results
suggest that larger aggregates could likewise assemblestrands 2 and 4 of the  sheet. The pattern ofφ values
in the transition state for unfolding of the dimer mirrors via domain swapping, as originally proposed by Eisen-
berg and coworkers [5], by utilizing the same foldingthat of the monomer, indicating that the location of the
folding nucleus is conserved between monomer and nucleus as the monomer and dimer. Such a corres-
pondence between folding nucleus and aggregationdimer (Figure 5). However, theφ values are consistently
higher in the transition state of the dimer (Figure 5). The nucleus was suggested previously by Oliveberg and co-
workers [17]. At high protein concentrations, the en-average value is 0.70 for the dimer compared with 0.45
for the monomer (calculated only for the mutants in this tropic penalty for association becomes smaller and
intramolecular interactions can be replaced by intermo-study). The results are particularly clear in the hydropho-
bic core where the φ values are greater by up to 50%. lecular interactions, resulting in domain-swapped oligo-
mers or aggregates.Together with the larger T value of the dimeric transition
state (0.75 compared with 0.50 for the monomer), the
results show that the transition state for folding of the Biological Implications
dimer is more compact and more highly structured than
that of the monomer. Thus, the entropic penalty of asso- suc1 is a member of the cks (cyclin-dependent kinase
subunit) family of proteins that are essential for progres-ciation due to domain swapping in suc1 moves the tran-
sition state of the dimer closer in structure to the native sion of the eukaryotic cell cycle. Both in crystal form
and in solution, suc1 can adopt two different assemblystate, thereby generating compensatory interaction en-
thalpy and/or generating compensatory entropy by states, a monomer and a domain-swapped dimer, in
squeezing out more water molecules. Of note also, three which one molecule exchanges its C-terminal  strand
of the mutants, YA38, PA92, and FL97, have φ values with an identical partner. Although it is not known
of greater than 1, while all but one (YA38) are less than whether the domain-swapped species is functionally
1 in the monomer at these sites. The residues are located relevant, the feature is shared by other members of the
in the center of the  sheet and the hinge loop. These cks family [18, 19].
are consistent with a more compact transition state in The results presented here show that suc1 folds into
the dimer, as it may be that there is some overpacking the domain-swapped form using the same subset of
of the folding nucleus (resulting in the mutations having interactions as those used in the folding nucleus of the
a greater destabilizing effect on the transition state than monomeric form. Thus, an unfolded suc1 molecule can
on the native state and thereby φ 
 1). Similarly, an either fold as a monomer or combine with a partner to
overcompact hydrophobic core has been observed pre- form a dimer. Our results elsewhere suggest that the
viously for the transition state of folding of CI2 [1, 16]. unfolded protein can also fold to aggregated states by
domain swapping (F.R., J.W.H.S., H.R.W., and L.S.I.,
Conclusion unpublished results). This ambiguous use of native inter-
actions may be a common and dangerous feature of
protein folding, having the potential to produce inactiveHere we present the first detailed structural information
concerning the transition state for folding/unfolding of dimeric or oligomeric “waste” that could lead to disease.
Structure
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Experimental Procedures species (99%) at the protein concentrations (
10 M) used for
denaturation experiments and its stability can therefore be deter-
mined with accuracy. The KD of wild-type and the majority of theMaterials
High-purity urea was obtained from Rose Chemicals. All other chem- mutants is on the order of 1–6 mM and higher still in some cases.
Due to these high dissociation constants, it is impossible to measureicals were from Sigma or BDH. Site-directed mutagenesis was per-
formed using the QuickChange site-directed mutagenesis kit (Stra- the stability of the dimer at protein concentrations where it consti-
tutes 99% of the molecules. Therefore, the free energy of unfoldingtagene).
of the dimer is obtained indirectly by combining the free energy of
unfolding of the monomer and of the KD. The free energy of unfoldingProtein Expression and Purification
Mutants were constructed and the proteins were expressed and of wild-type and mutant monomers was determined at 25	C by
urea-induced equilibrium denaturation experiments as describedpurified as described previously [9, 13, 20]. The samples were pure
as judged by SDS-PAGE and mass spectrometry. The buffer used previously [14]. Values of KD of wild-type and mutants were deter-
mined as described previously [13].for subsequent experiments was 50 mM Tris (pH 7.5), 1 mM EDTA,
unless stated otherwise. EDTA was used to prevent the formation of The free energy of the dissociation, Gdissociation, can be derived
from the dissociation constant KD according to Equation 2, and iszinc-mediated, nondomain-swapped dimers. Protein concentration
was measured spectrophotometrically using an extinction coeffi- dependent on the total protein concentration PT.
cient of 280  19,940 cm1 M1 calculated by the method of Gill
and von Hippel [21]. Samples were concentrated as required using Gdissociation  RT ln
KD
PT
(2)
Centriprep 3 concentrators (Amicon).
The dissociation constant of a mutant protein can be combined with
Preparation of Dimeric suc1 that of the wild-type to obtain Gdissociation, the effect of mutationMonomeric and dimeric forms of suc1 were separated by high- on the equilibrium between monomer and dimer, when they are
resolution analytical size exclusion chromatography using a Phar- compared at the same temperature:
macia Superdex 75 HR 10/30 column connected to a Pharmacia
A¨kta system and equilibrated with 50 mM Tris buffer (pH 7.5), 300
Gdissociation  RTln
KMutantD
KWild-TypeD
(3)mM NaCl, 1 mM EDTA at 25	C. Monomeric suc1 has an elution
volume of 12.4 ml, while dimeric suc1 elutes at 10.5 ml. The two
The value of Gdissociation is independent of the total protein concen-peaks were well separated, with the absorption signal returning to
tration (PT) and allows direct comparison of the effect of mutationthe baseline level between the two. At room temperature, the rate of
on monomer and dimer stabilities. It can be combined with theinterconversion of monomer and dimer is extremely slow (complete
change in free energy of unfolding of the monomer upon mutation,equilibration takes months). Nevertheless, as a further precaution
Gmonomer, to give the change in the dimer stability upon mutation,to exclude the possibility of dissociation, dimer samples were col-
Gdimer:lected from the column and their unfolding kinetics were measured
immediately. Control samples were reinjected onto the column to
Gdimer  Gdissociation  2.Gmonomer (4)confirm that the sample had remained dimeric over the period of
these measurements. This equation uses the unfolded state as a reference state. The
approach is valid on the assumption that monomer and dimer share
Kinetic Unfolding Experiments the same unfolded state and that mutation does not change this
Kinetic experiments were performed at 25	C using an Applied Pho- situation. This seems reasonable, since it was shown previously
tophysics fluorescence-detected stopped flow instrument. Fluores- that the monomer-dimer interconversion occurs in the unfolded
cence was monitored above 320 nm using a cut-off filter. Between state [10].
three and five scans were collected at each denaturant concentra-
tion and averaged. Unfolding was performed by mixing one volume Refolding Experiments
of protein in 50 mM Tris (pH 7.5), 1 mM EDTA with five volumes of Protein at a range of different concentrations (from 10 M to 400
concentrated urea solutions containing the same buffer. The protein M) was unfolded in 30 mM HCl for 15 min. Refolding was performed
concentration after mixing was 2 M. by mixing with an equal volume of 3 M urea in 100 mM Tris (pH 8.1),
The refolding and unfolding kinetics of monomeric wild-type suc1 2 mM EDTA, to give a denaturant concentration of 1.5 M and final
have been described in detail previously [14]. The dimer unfolding buffer conditions that are the same as for the unfolding kinetic
kinetics are monophasic. The plots of the logarithm of the unfolding experiments (50 mM Tris [pH 7.5], 1 mM EDTA). After 10 min of
rate constant versus urea concentrations, outside the transition re- refolding, the sample was loaded on a size exclusion column as
gion, displayed a slight downward curvature. Similar nonlinear be- described in the previous sections. The fractions of monomeric
havior has been observed in a number of proteins (see, for example, and dimeric species formed in the refolding reaction were then
[22]), including monomeric suc1 [9], and has been interpreted as determined from the volumes of the respective elution peaks as
movement of the transition state upon increasing denaturant con- described previously [10]. The refolding behavior was independent
centration according to Hammond behavior. The data were there- of whether the protein was denatured in acid or urea, as described
fore fitted to the following equation: previously also in Rousseau et al. [14].
lnku  ln kuH2O  mu [D]  mu* [D]2 (1)
The Protein Engineering Method
where ku is the rate constant for unfolding at a denaturant concentra- The change in free energy between the native (monomeric or di-
tion, D, kuH2O is the rate constant of unfolding in water, mu is the meric) and denatured states upon mutation, Gmonomer and Gdimer,
slope, and mu* is the second order term. The values of m* were was obtained as described. The change in the free energy of the
averaged over wild-type and all the mutants, and the data for each transition states relative to the native states upon mutation for
mutant were then refitted to Equation 1 using the average value of monomer (G‡, monomer) and dimer (G‡, dimer) are measured by kinetic
mu* of 0.057  0.003. unfolding experiments [1, 2]:
Calculation of the Change in Free Energy of Unfolding G‡, monomer  RT.ln
kmonomerunfolding
kmonomerunfolding
(5)
of Dimeric p13suc1 upon Mutation
The free energy of unfolding of the dimer cannot be measured di-
and
rectly by the standard fluorescence-monitored urea denaturation
experiment that was used to measure the free energy of unfolding of
G‡, dimer  RT.ln
kdimerunfolding
kdimerunfolding
(6)the monomer because (1) monomer and dimer are spectroscopically
indistinguishable and (2) the stability of the dimer cannot be mea-
sured in the absence of monomer [10]. The monomer is the major where kmonomerunfolding and kmonomerunfolding are the rate constants of unfolding of
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monomeric wild-type and mutant, respectively, in the absence of 5. Bennett, M.J., Schlunegger, M.P., and Eisenberg, D. (1995). 3D
domain swapping: a mechanism for oligomer assembly. Proteindenaturant and kdimerunfolding and kdimerunfolding are the rate constants of un-
folding of dimeric wild-type and mutant. Sci. 4, 2455–2468.
6. Endicott, J.A., Noble, M.E., Garman, E.F., Brown, N., Ramussen,The φ values [23], φmonomer and φdimer, are defined as the ratio of
the respective energies for the transition state and the native state R., Nurse, P., and Johnson, L.N. (1995). The crystal structure of
p13suc1, a p34cdc2-interacting cell cycle control protein.as follows
EMBO J. 14, 1004–1014.
7. Bourne, Y., Arvai, A.S., Bernstein, S.L., Watson, M.H., Reed,φmonomer  1  G‡, monomerGmonomer  (7) S.I., Endicott, J.A., Noble, M.E., Johnson, L.N., and Tainer, J.A.
(1995). Crystal structure of the cell cycle-regulatory protein suc1
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Sci. USA 92, 10232–10236.
φdimer  1  G‡, dimerGdimer  (8) 8. Khazanovich, N., Bateman, K., Chernaia, M., Michalak, M., and
James, M. (1996). Crystal structure of the yeast cell-cycle con-
trol protein, p13suc1, in a strand-exchanged dimer. StructureA φ value of 1 indicates that the structure of the transition state at
4, 299–309.the site of mutation is the same as that of the native state, and a
9. Schymkowitz, J.W.H., Rousseau, F., Irvine, L.R., and Itzhaki,φ value of 0 indicates that the structure of the transition state at
L.S. (2000). The folding pathway of the cell-cycle regulatorythe site of mutation is the same as that of the denatured state.
protein p13suc1: clues for the mechanism of domain swapping.
Structure Fold. Des. 8, 89–100.Measurement of the Free Energy of Unfolding of the Dimeric
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of the unfolding pathway of the cell-cycle protein p13suc1 byto the scheme D↔2U, where D is the folded dimer and U is the
molecular dynamics simulations: implications for domain swap-denatured state.
ping. Structure Fold. Des. 8, 101–110.
12. Fersht, A.R. (1995). Optimization of rates of protein folding: the
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